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We use several beam simulation codes to help us
better understand beam dynamics in the DARHT LIAs.
I’ll discuss the most notable of these.

e Beam Production

— Tricomp Trak orbit tracking code
— LSP Particle in cell (PIC) code

 Beam Transport and Acceleration
— XTR static envelope and centroid code

— LAMDA time-resolved envelope and centroid code
— LSP-Slice PIC code

* Coasting-Beam Transport to Target

— LAMDA time-resolved envelope code
— LSP-Slice PIC code

We are also using these to inform the design of Scorpius.
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Trak is a self-consistent particle orbit tracking code
using external electromagnetic fields generated by
Tricomp finite element electromagnetic codes.

* Author: Stanley Humphries, Jr.
 Support: Field Precision, LLC

* Type: Orbit tracking

* Language: Fortran

e User Interface: Graphical

— Input: ASCII text script plus solution files produced by Tricomp
electromagnetic field solvers

— Output: Text files and graphical post processing
 Uses: Injected beam parameters, diode design
* Pros: Excellent documentation and user interfaces
* Cons:

e Comments: Experimentally validated with data from DARHT, and
results agree with LSP PIC results. A 3-D version (OmniTrak) is
available.
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Trak is used to provide initial conditions for envelope
code simulations of DARHT-Il beam. It has also been
used as a diode design tool.

We have no beam measurements at the exit of DARHT-Il diode, so we rely on
predictions of Trak and LSP to provide initial conditions for envelope codes.
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LSP (Large Scale Plasma) is a particle-in-cell
(PIC) code.

e Original Author: Tom Hughes
e Type: Particle in cell (PIC)

* User Interface: Graphical
— Input: ASCII text script, text files defining external electromagnetic fields
— Output: IDL-based file viewer for binary output

 Uses: Injected beam parameters, diode design, explosive cathode
emission

* Pros: Good documentation of GUI, parallel processing

 Cons: Arcane settings of options, undocumented physics and
algorithms

e Comments: Used to investigate ion evolution from DARHT-Il beam
dump in months-long run
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The LSP PIC code was used extensively during

the design of the DARHT-II injector.

DARHT-II Injector Design
* Vyiode = 3.2 MV

* I g =2.0kA

* V4 =173kV

* KE;,, = 4.6 MeV

During the diode risetime, LSP
simulations showed modest
stimulated ion production from
mismatched beam spill. However,
temperature rise of components was
to low for significant thermal
desorption.
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LSP simulations showed that it is possible for ions
generatedin the dump to be accelerated into the
main beamline by the electron beam space charge.

LSP simulations of septum dump region ] . fori
fora 2-kA, 18.4-MeV electron beam. There is enough time between pulses for ions to

be accelerated into main beam pipe, where they
Eeﬂj“w"'e can affect transport of the next beam-pulse.
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XTR is a static envelope equation solver. Also a
static beam centroid solver.

* Author: Paul Allison

* Type: Solver for envelope and centroid differential equations
* Language: IDL

* User Interface: IDL development platform

— Input: IDL command line, IDL subroutines, ASCII text files
— Output: Envelope and centroid plots

e Uses: Tuning DARHT accelerators, studying mismatch concerns
* Pros: Easily customizable

* Cons: Easily corrupted

 Comments: Leading code for tuning DARHT LIAs
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The XTR envelope code is our primary tool for tuning
the DARHT LIAs. It is also used to explore tunes for

new LIA designs.

DARHT-I LIA is much shorter than DARHT-II,
because fewer Volt-seconds are needed.
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LAMDA (Linear Accelerator Model for DARHT) is a

time-resolved envelope and centroid solver. It also
has many algorithms for beam instabilities.

 Authors: Tom Hughes, Tom Genoni, et al.

e Support: Voss Scientific, LLC

 Type: Envelope and centroid differential equations solver
* Language: C++

* User Interface: MS Excel Spreadsheet

— Input: Spreadsheet entries, ASCII text files
— Output: Binary file, IDL-based File Reader

 Uses: Beam Acceleration, Transport, and Stability; Tuning DARHT-
Il downstream transport system

* Pros: Time resolved; algorithms for major instabilities; excellent
documentation of physics models

e Cons: Tricky input interface and setup for new problems
e Comments: LAMDA is a “Swiss Army Knife” beam dynamics code.
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Magpnetic Field, B, (G)

LAMDA simulations have shown that the corkscrew
growth formula derived from idealized theory is also
valid for realistic LIA architectures, such as DARHT.
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LAMDA simulations of BBU instability have been
validated with experimental data, and then used to
predict BBU growth in advanced LIAs, such as Scorpius.

BBU growth measured on DARHT LIAs
agrees with LAMDA simulations.
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LAMDA elliptical-envelope simulations agree with
LSP (PIC) through quadrupole transport system.

Simulations of Quadrupole Transport

vertical and horizontal bsam radii
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LAMDA simulations have confirmed the possibility of
pulse-to-pulse coupling of the resistive-wall instability
in multi-pulse LIA downstream drift regions.
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LSP-Slice is a PIC code that follows a single thin
slice of the beam through the LIA.

e Author: Carsten Thoma

e Support: Voss Scientific

e Type: Particle in cell (based on LSP)
* Language: C++

* UserInterfaces:

— Input: ASCII text script plus text files describing external electromagneticfields
— Output: Binary files, IDL-based file reader

* Uses:Beam transport through LIA and downstream, with emphasis on
emittance growth concerns.

* Pros: Fast running on multiple-processor workstations
e Cons: Arcane problem setup and post-processing.

«  Comments: Emittance growthinvestigation showed that the culprit is
likely halo generation pumped by envelope oscillations on a mismatched
beam.
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r (cm)

LSP-Slice has been useful for exploring possible
causes of emittance growth.

PIC results showed that mild edge-
focusing by spherical aberrations
has little effect on beam emittance
in DARHT-II.
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Occasionally, we have used other codes for
uniqgue beam-dynamics problems. Examples:

* TRANSPORT

— Matrix Based beam optics code
— CERN version has been used
— Crosscheck of LSP-Slice simulations
— Investigation of beam quadrupole moment evolution through
downstream transport evolution
* Custom IDL programs written to explore theory
— Parametric envelope instability
— Halo growth
— Image Displacement Instability (IDI)
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More examples of Trak results can be found in
the following publications:

1. C.Ekdahl, et al., "Electron beam dynamics in a long-pulse linear induction
accelerator," J. Korean Phys. Soc., vol. 59, pp. 3448 - 3452, 2011.

2. C.Ekdahl, “DARHT Axis-l diode simulations ll: Geometrical scaling,” Los Alamos
National Laboratory Report LA-UR-12-22199, 2012. Online: arXiv: 1701.03820

3. C.Ekdahl, "Tuning the DARHT long-pulse linear induction accelerator," IEEE Trans.
Plasma Sci., vol. 41, pp. 2774 - 2780, 2013.

4. ). E.Coleman,C. A. Ekdahl, D. C. Moir, et al., "Correcting the beam centroid
motion in an induction accelerator and reducing the beam breakup instability,"
Phys. Rev. STAB, vol. 17, pp. 092802, 2014.

5. J. E.Coleman,D. R. Welch, and C. L. Miller, “Scattered hard X-ray and y-ray
generation from a chromatic electron beam,” J. Appl. Phys., vol. 118, pp. 184505,
2015
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More examples of LSP results can be found in
the following publications:

1. T.P.Hughes, et al., "Design of beam cleanup zone for DARHT-2," in 19" Part.
Accel. Conf., Chicago, IL, USA, 2001.

2. T.P. Hughes and H. A. Davis, "Effect of stimulated and thermal desorptionin
DARHT-2," in 20th Part. Accel. Conf., Portland, OR, USA, 2003.

3. K.-C. D. Chan, H. A. Davis, C. Ekdahl, et al., "lon effects in the DARHT-II
downstream transport,” in 21% Part. Accel. Conf., Knoxville, TN, USA, 2005.

4. C.ThomaandT.P. Hughes, "A beam-slice algorithm for transport of the DARHT-2
accelerator," in 22nd Part. Acc. Conf., Albuquerque, NM, 2007, pp. 3411- 3413.

5. J. E.Coleman,D. R. Welch, and C. L. Miller, “Scattered hard X-ray and y-ray
generation from a chromatic electron beam,” J. Appl. Phys., vol. 118, pp. 184505,
2015.

6. J. E.Coleman, D. C. Moir, M. T. Crawford, D. R. Welch, and D. T. Offermann,

“Temporal response of a surface flashover on velvet cathode in a relativistic
diode,” Phys. Plasmas, vol. 22, pp. 033508, 2015.
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More examples of XTR results can be found in
the following publications:

1. P. Allison, "Beam dynamics equations for XTR," Los Alamos National Laboratory, Los
Alamos, NM, Rep. LA-UR-01-6585, 2001.

2. C. Ekdahl, et al.,"Initial electron-beam results from the DARHT-II linear induction
accelerator," IEEE Trans. Plasma Sci., vol. 33, no. 2, pp. 892 - 900, 2005.

3. C. Ekdahl, et al., "Long-pulse beam stability experiments on the DARHT-II linear induction
accelerator," IEEE Trans. Plasma Sci., vol. 34, pp. 460-466, 2006.

4. C. Ekdahl, et al., "Suppressing beam motion in a long-pulse linear induction accelerator,”
Phys. Rev. ST Accel. Beams, vol. 14, pp. 120401, 1-8, 2011.

5. C. Ekdahl, "Tuning the DARHT long-pulse linear induction accelerator," IEEE Trans. Plasma
Sci., vol. 41, pp. 2774 - 2780, 2013.

6. J.Coleman, et al., "Increasing the intensity of an induction accelerator and reduction of the
beam breakup instability," Phys. Rev. ST Accel. Beams, vol. 17, pp. 030101, 1-11, 2014.

7. C. Ekdahl, et al., "Emittance growth in linear induction accelerators," in 20th Int. Conf. High
Power Part. Beams, Washington, DC, USA, 2014.

8. J.E. Coleman, C. A. Ekdahl, D. C. Mair, et al., "Correcting the beam centroid motion in an
induction accelerator and reducing the beam breakup instability," Phys. Rev. STAB, vol. 17,
p. 092802, 2014.
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More about LAMDA physics and results can be
found in the following publications:

1. T. P. Hughes, C. B. Mostrom, T. C. Genoni and C. Thoma, "LAMDA user's manual and
reference," Voss Scientific Report, VSL-0707, 2007.

2. T.C. Genoni, "Radial focusing of a relativistic electron beam in a bipotential electrostatic
lens," Phys. Rev. E, vol. 50, no. 2, pp. 1496 - 1500, 1994.

3. T.C.Genoni, T. P. Hughes and C. H. Thoma, "Improved envelope and centroid equations for
high current beams," in AIP Conf. Proc., 2002.

4. K. C.D. Chan, C. A. Ekdahl, Y.-J. Chen and T. P. Hughes, "Simulation results of corkscrew
motion in DARHT-IL," in Part. Accel. Conf., 2003.

5. K.-C. D. Chan, H. A. Davis, C. Ekdahl, et al., "lon effects in the DARHT-Il downstream
transport,” in Part. Accel. Conf., Knoxville, TN, USA, 2005.

6. Y.Tang, T. P. Hughes, C. A. Ekdahl and K. C. D. Chan, "BBU calculations for beam stability
experiments on DARHT-2," in European Part. Accel. Conf., Edinburgh, Scotland, 2006.

7. Y.Tang, T. P. Hughes, C. Ekdahl and M. E. Schulze, "Implementation of spread mass model
of ion hose instability in LAMDA," in Part. Accel. Conf., Albuquerque, NM, USA, 2007.

8. C. Ekdahl, J. E. Coleman and B. T. McCuistian, "Beam Breakup in an advanced linear
induction accelerator,”" IEEE Tran. Plasma Sci., vol. 44, pp. 1094 - 1102, 2016.
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More about LAMDA physics and results can be
found in the following publications (continued):

9. C.Ekdahl, "The resistive-wallinstability in multi-pulse linear induction
accelerators," IEEE Trans. Plasma Sci., vol. 44, pp.1094-1102, 2017.

10. T.J.Burris-Mog, C.A. Ekdahl, and D. C. Moir “Direct measurement of the image
displacementinstability in a linear induction accelerator,” Phys. Rev. Accel.
Beams, vol. 20, p. 060403, 2017

11. C. Ekdahl, “The ion-hose instability in a high-current multi-pulse linear induction
accelerator,” IEEE Trans. Plasma Sci., vol. 47, pp.300-306, 2019.

12. C.Ekdahl and R. McCrady, “Suppression of beam breakup in linear induction
accelerators by stagger tuning,” IEEE Trans. Plasma Sci., vol. 48, pp.3589-3599,
2020.
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More examples of LSP-Slice results can be
found in the following publications:

1. C.Thoma andT. P. Hughes, "A beam-slice algorithm for transport of the DARHT-2
accelerator," in 22nd Part. Acc. Conf., Albuquerque, NM, 2007, pp. 3411- 3413.

2. C.Ekdahl, "Emittance growth in linear induction accelerators,” Los Alamos National
Laboratory Report LA-UR-13-29351, 2013 Online: arXiv: 1701.03824

3. C.Ekdahl, et al., "Emittance growth in linear induction accelerators," in 20th Int.
Conf. High Power Part. Beams, Washington, DC, USA, 2014. Online: arXiv:1409.7022

4. C.Ekdahl, "Emittance growth in the DARHT axis-ll downstream transport," Los
Alamos National Laboratory Report LA-UR-15-22706, 2015. Online: arXiv:

1701.03829
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